Vibrations are vital for derailment safety and passenger comfort which may occur on rail vehicles due to the truck and nearby conditions. In particular, while traversing a bridge, dynamic interaction forces due to moving loads increase the vibrations even further. In this study, the vertical vibrations of a rail vehicle at the midpoint of a bridge, where the amount of deflection is expected to be maximum, were determined by means of a 1 : 5 scaled roller rig and Newmark-numerical method. Simulations for different wagon masses and vehicle velocities were performed using both techniques. The results obtained from the numerical and experimental methods were compared and it was demonstrated that the former was accurate with an 8.9% error margin. Numerical simulations were performed by identifying different test combinations with Taguchi experiment design. After evaluating the obtained results by means of an ANOVA analysis, it was determined that the wagon mass had a decreasing effect on the vertical vibrations of the rail vehicle by 2.087%, while rail vehicle velocity had an increasing effect on the vibrations by 96.384%.
Introduction
Design and production of high-speed trains require a thorough understanding of the dynamic behaviour of these vehicles moving on ground and flexible structure. In order to determine the vibrations occurring on rail vehicles on flexible structure under different loading conditions, a number of numerical and experimental studies have been presented in literature. A review of previous studies in the literature indicated that the utilized mathematical models to assess bridge-vehicle interaction have been developed using either the Euler-Bernoulli theory [1] [2] [3] [4] [5] [6] or the Timoshenko beam theory [5, 7, 8] . Rail vehicles have been modelled as having two wheel sets [9] [10] [11] and two-stage suspensions [10, 12] and both with each axis being defined as a sprung mass. The contact points between the rail vehicle and the bridge have been modelled based on the assumption that the wheel sets are moving loads [3, 7] or moving masses [1, 3, 5] . The vehiclebridge interactions have been modelled either by using the mode superposition method, where the bridge, vehicle, and rail irregularities interact with one another [4, 12] , or by using the discrete finite element method [2, 9, 13] . The interactions between the modelled rail vehicle and the bridge have been numerically determined using the Newton-Raphson and Newmark methods [11] . The effect of velocity, load, and damping on the vehicle and bridge has been investigated by using a three-dimensional train and a finite element model of the bridge [14] . Since the most commonly encountered rail irregularities have been undulations, wearing, and railroad deteriorations due to certain ground movements, some researchers have investigated the effects of the rail defects on the dynamic behaviour of the vehicle and the bridge [6, 15, 16] . The deteriorating effects of the rails and the railroad have been used as inputs in the system as random and nonrandom impacts [6] . Determination of driving comfort in high-speed trains passing over a bridge has been performed [17] . To this end, the rail vehicle, rail, rail pad, sleeper, ballast, and the bridge have been modelled interactively. The effects of velocity, rail irregularities, and the primary and secondary suspension systems on driving comfort have been examined separately, and it has been determined that the effect of rail irregularity has been more significant than the effects of the other parameters. In another study, the theoretical and applied interaction between the high-speed train and the bridge have been compared to each other [18] . Besides, the acceleration values of the bogie were measured by means of sensors, and the acceleration values of the rail vehicle have been estimated using the Principle Component Analysis (PCA) and Partial Least Square (PLS) techniques [19] .
Since safety of the rail transport with increasing transportation speeds is of importance in terms of derailment and passenger comfort, some more precise studies have to be performed. However, considering realistic test conditions, a fully realistic experimental study cannot be performed since the rail vehicles and other units of railway systems may be costly. From this point of view, some economic small scale test equipment and numerical models have been generally used to estimate the dynamic behaviour of the rail vehicle within the desired scenarios. The first small scale roller rig [18, 20] has been produced in order to determine the wheelrail interaction. In the Chesapeake and Ohio Baltimore and Ohio railways, bogie designs for the double modal load wagon were tested in a 1 : 10 roller rig. In Japan, 1 : 5 and 1 : 10 scaled roller rigs have been used [4] to test the oscillation features of the high speed vehicles. The 1 : 5 scaled roller rigs have been constructed by Princeton University in USA [21] and have been used to investigate contact forces between wheel and flange and overturning modes of the rail vehicle. On the other hand, theoretical models developed for vehicle instability have been tested using 1 : 5 scaled roller rigs at Manchester Metropolitan University in England [22, 23] . The first small scale roller rig in Germany [24] has been developed by RWTH Aachen Technical University. A 1 : 5 scaled roller rig has been developed in the German Aerospace Center [22] on the basis of the ratio theory. At the National Institute for Transport and Security Research in France, a 1 : 4 scaled roller rig has been formed [25] , and the rail vehicle suspension system has been designed. On the other hand, the 1 : 4 and 1 : 5 scaled roller rigs developed by the Politecnico University [26] has been used to investigate the stability conditions, contact forces, and adhesion of rail vehicles [27, 28] .
The studies of the accelerating motion of a rail vehicle on flexible structures as a bridge are limited and this phenomenon has not been fully studied yet. In addition, experimental studies on rail vehicle-bridge interaction using 1 : 5 scaled roller rig have not been studied yet. In this study, experimental and numerical methods have been applied in order to determine the influences of vehicle velocity and wagon mass for the following specific case: vehicle moves at constant acceleration on a bridge and vehicle is at the midpoint of the bridge. Experimental studies are carried out using a 1 : 5 scaled roller rig. The interaction of the rail vehicle and the bridge is modelled using mode superposition of the bridge and its coupled equation of motion with an accelerating vehicle. Then the coupled equation of the motion of the whole system is solved using the Newmark-method. Then, the experimentally and numerically obtained results are compared and the accuracy of the mathematical model is tested. Numerical simulations are achieved by determining different test combinations using the Taguchi design of experiment (DOE). The obtained results are assessed using ANOVA analysis; then, effects of the wagon mass and the vehicle velocity on the vertical vibrations of a rail vehicle crossing over the midpoint of the bridge.
Bogie-Bridge Interaction Model
2.1. Bogie Model. Rail vehicles could be modelled using different degrees of freedom [2, 6, 9] . Figure 1(a) shows a quarter-vehicle model passing over a bridge with a length of with constant acceleration.
The bogie model shown in Figure 1 (b) is modelled with 5 degrees of freedom of the vertical displacement of the rail vehicle V , the vertical displacement of the bogie frame , the angular displacement due to pitch motion of the bogie frame , and the vertical displacements of front and back wheels of the bogie, 1 and 2 , respectively. Therefore, the equation of the vertical motion for the wagon,
the definition for the vertical motion for the bogie frame,
the definition for the pitch motion for the bogie frame,
and the definition for the vertical motion for the wheel sets,
are obtained as above. Here, V is the mass of the half wagon; is the bogie mass; is the moment of inertia of the bogie; 1 and 2 are the wheel masses; is the distance between the front wheel axis and the center of bogie;
is the distance between the rear wheel axis and the center of bogie; 11 , 11 , 12 , 12 are the front and back suspension parameters of the bogie primary suspension system, respectively; 1 , 1 , 2 , 2 are the parameters for Hertzian contact occurring between the front and back wheels and the rail, respectively; 2 , 2 are the secondary suspension parameters; 1 and 1 are the displacements of the front and back wheels at the contact points, respectively;̇1 anḋ2 are the displacement rates of the contact points for the front and back wheels, respectively. From (1)-(4), the general equation of the motion for the quarter vehicle is obtained as follows:
Matrixes of general mass ( V ), general damping ( V ), and general stiffness ( V ) and vectors of general displacement ( V ) and general force ( V ) for the quarter vehicle are calculated based on (5) (Appendix A).
Bridge Model.
As the ratio of the bridge length to the cross section is relatively small, the uniform simply supported Euler-Bernoulli beam model and the mode superposition method are selected [2, 29] :
In (6), is the flexural rigidity of the beam, is Young's modulus of the beam, is the moment of inertia of the cross section of the beam, is the mass of the beam per unit length, is the damping coefficient per unit length, ( , ) is the coupled force on the beam, is the beam's displacement on the contact point of the vehicle on the bridge, and is the function of Dirac [3] .
The forces caused by the vehicle on the bridge during its pass over the bridge based on the position of the front and rear wheels are
where 1 stands for the time at which the front wheel enters the bridge and 2 stands for the time at which the back wheel leaves the bridge. According to the Galerkin method, the vertical displacement in the bridge can be found as [2] 
wherẽ( ) are the transverse Eigen functions (i.e., modal shapes) of the beam and ( ) are the generalized coordinates for the elastic deflection of the beam element. Normalized Eigen functions of a simply supported beam are given below [2] :̃(
The modal equation of the bridge is
Shock and Vibration
In (10), and are the modal damping and the modal natural frequency matrixes, respectively. The sizes of these matrixes are defined by modal coordinate vector , expressing the mode of vibration of the bridge. The modal equations are composed of independent equations with single degree of freedom, each of which expresses one vibration mode of the bridge. In order to solve this equation, piecewise interpolation techniques such as the Newmark and the Runge-Kutta methods are used. The characteristic equations describing the effects of the front wheel (11) and the back wheel (12) on the bridge are as follows:
The Dirac functions for the front wheel (13) and the back wheel (14) are given as follows:
In this context, the vertical displacements that the front and back wheels cause at contact points on the rail are calculated using the vertical displacement of the bridge and the rail irregularities. The total displacement values that the front and the back wheels cause at the contact points on the bridge can be determined using (15) , while the change of these points in time can be obtained by using (16) . Consider
The resulting static loading at contact points is calculated using the mass of the half wagon V , mass of the bogie , and the mass of the wheel sets ( 1 , 2 ):
Total force at the contact points on the bridge can be calculated using the following equations:
The general couple equation of the bogie and the bridge can be obtained as follows:
The general mass , general damping , general stiffness matrixes , general force vector , and the general displacement vector of the vehicle-bridge interaction are all provided in Appendix B.
Newmark-Methodology.
The Newmark-method is one of the numeric integration methods that calculate the dynamic nature of the vehicle-bridge interaction at very short time and condition intervals. To perform such calculations, it is assumed that the structure has certain rigidity and damping characteristics for each of these intervals and that the external effects are known. The following points represent the content of the Newmark-algorithm [20] :
(i) In the initial stage ( = 0), the displacement , velocitẏ, and acceleration̈should be known. (ii) The time intervals and Newmark-constants should be determined:
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(iii) The effective stiffness matrix is
(iv) The effective force at̃= + Δ is
(v) The displacement at̃= + Δ is
(vi) The general acceleration vector (24) and the general velocity vector (25) at̃= +Δ are obtained from the general displacement vector:
The equation developed by taking the root mean squares (RMS) of the rail vehicle accelerations [31] is
Rail Irregularities.
Over time, wearing, undulation, and ground movements cause certain irregularities on the rails. These random rail irregularities are expressed as a Power Spectral Density using a spatial frequency term, [32] :
where V 0 stands for the vehicle velocity. According to the Federal Railway Administration (FRA), the rail irregularities in the vertical direction are defined as 6 classes. The Power Spectral Density (PSD) function of the rail irregularities is given in [33] 
where is the rail irregularity constant (0.1675), while 1 and 2 are the two cutoff spatial frequency values which are (23.294) and (13.123), respectively. Wavelength values of the frequency vary between (1.5) and (300) m [33] . In order to obtain rail irregularities in time domain for the indicated PSD (Power Spectral Density) function, Fourier transformations are used:
where stands for random numbers in the interval (− , ). Figure 2 shows the rail irregularity with respect to (a) PSD and (b) distance.
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Define bridge total mode number Load rail irregularities (29) Calculate bogie location (7) Make a decision wheel bridge combination (13)- (14) Calculate initial acceleration (21) Frequency weighted acceleration ( In the flow diagram obtained from the numerical model (Figure 3) , the mathematical models of the rail vehicle (5) and of the bridge (10) are coupled by means of mode superposition method (19) . The location of the rail vehicle axes on the bridge is determined at each iteration and the general mass, damping, and the stiffness matrixes of the system are formed (Appendix B). With the Newmark-numerical method, the initial acceleration values are calculated for each iteration and the location, velocity, and the acceleration of the wagon are obtained.
1 : 5 Scaled Roller Rigs
While forming a small scaled model of a rail vehicle, first of all, the scale should be determined to design the unit. The previous studies show that the scale has been generally selected as 4 or 5 based on considerations of dimensions, structure, and cost. Among these, there are four different approaches for 1 : 5 scaled rail vehicle on the basis of length [30] . A comparison of four scale factors based on the rail vehicle parameters is given in Table 1 .
The study in [30] has shown that the closest results to 1 : 1 scaled real model have been obtained from the Pascal scale factor (Table 1) . Therefore, the Pascal scale factor is employed in this study. The design parameters for the 1 : 5 scaled rail vehicle calculated based on the Pascal scale factor are presented in Table 2 . The 1 : 5 scaled roller rig has been designed so as to identify the vertical vibrational features of Y32 bogie that is also used in high-speed trains in Turkey. The drive system has been composed of a three-phase AC motor of 2 kW and a belt and pulley system. In the UIP60 type driven by the belt and pulley system, the rollers machined as 1 : 5 scaled rail profiles move the bogie wheel sets. The bogie has been modelled so as to have only the vertical components of the primary and secondary suspension systems and without a traction and bolster system. been used. A flexible structure composed of nine springs has been designed in the test stand in order to reproduce the realtime loading due to SB30 type steel bridge [34] (Figure 4) .
In order to measure the vertical vibrations on the wagon masses, vibration sensors that can take measurements from 0 to 60 Hz frequency interval with 50 ms have been used (Figure 6 ). Data taken from the sensors have been used after filtering according to 1 Hz cutoff frequency at a 1/3 octave band. With the help of the sensors on the wagon masses, the data taken from three different points have been averaged and the passing of the rail vehicle over the central point of the bridge has been simulated using the 1 : 5 roller rig ( Figure 5 ). horizontal acceleration equal to 0.37 m/s 2 (Table 3 ) and a maximum error margin of 8.899% for a vehicle horizontal acceleration equal to 0.49 m/s 2 ( Table 4) . Also it can be seen that an increase in the horizontal acceleration causes an increase in the vertical vibration at medium vehicle velocities of 150 km/h.
Validation
Taguchi and ANOVA Analysis
In this study, the Taguchi method is used as the simulation design and analysis technique. For this method, factors, levels for each factor, and data are analysed.
The standard orthogonal matrixes of the Taguchi method are used to form a simulation plan. For our system, the Taguchi L25 orthogonal matrix is selected. The wagon mass and the rail vehicle velocity are chosen as factors, and each factor has five levels. The tests designed on the basis of the Taguchi method and the RMS values of vertical vibrations obtained from numerical simulations results are given in Table 5 .
The Taguchi method uses / analysis to measure the system variance [35] , where / is the abbreviation of the ratio of the Signal and Noise. There are a number of different / analyses on the basis of quality characteristics. These / values are calculated and analysed in different ways based on the targeted quality value, where small values are best (SB), large values are best (LB), and nominal values are best (NB). Since the best acceleration values are the lowest ones, SB / was chosen in this study:
Here, stands for the number of measurements and stands for the characteristic value (RMS value of the vertical vibrations on the half wagon). The averages where the best acceleration values are the lowest, the ANOVAs of / values, and main effects of individual factors are shown in Figure 10 . According to the / ratio obtained from the Taguchi analysis, the vertical vibrations on the half wagon of the rail vehicle passing over the central point of a bridge with a constant acceleration decreased with increasing values of wagon mass. In cases where the rail vehicle velocity was between 150 and 200 km/h, the vertical vibrations of the wagon increased, while this increase continued with a decreasing rate for the rail vehicle velocity values between 200 and 250 km/h.
Conclusion and Discussion
In this study, effects of the wagon mass and vehicle velocity of a rail vehicle on the vertical vibrations of the quarter vehicle model have been determined by means of ANOVA analyses that were carried out for the averages and the / using the method of Taguchi's design of experiment. Taguchi's design of experiment method chooses the most suitable combination of the controllable factors for the product and the process against the factors that are uncontrollable and cause variability and tries to minimize the variability for the product and the process [35] .
The significance of the relevant parameter in ANOVA is determined by comparing the value, which is the ratio of the variance for that particular parameter to the error variance, to the table value of ( 0.05 ). It is specified with this method that how much the parameters determined from experimental design can explain the system. Determination of which output parameters are effected quantitatively from which input parameters supplies the required data for the optimum parameter design. Also, it can be compared that how much the input parameters are effective on the system and significance degrees of input parameters can be defined for the experiment system.
In the last column of ANOVA, the significance of each factor on the results has been given in percentages (Table 6 ).
The ANOVA analysis (Table 6) shows that the confidence level of the simulations is 98.47%. By means of the ANOVA analysis, it has been determined that the rail vehicle velocity increases the vibrations by 96.384% and the wagon mass decreases the vertical vibrations of the rail vehicle by 2.087%. Therefore, it has been proven by the experimental and numerical methods that, in the moving load-vehicle interactions, the rail velocity dominantly increases the vibrations, while an increase in mass decreases them.
In this study, the bogie-bridge interaction has been modelled by experimental and numerical methods and 
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